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Abstract 
Retinoic acid (RA). a potent modulator of cell proliferation and differentiation is present in plasma bound to serum albumin. The 
biologic significance or source of plasma RA is not clear. Although most cellular RA is believed to be made in situ via the oxidation of 
retinol, plasma RA could potentially provide target cells with a source of preformed RA. To investigate RA uptake, we have used a model 
system of human tbreskin keratinocytes (HKc) cultured in serum-free media to compare the uptake and metabolism of [314]RA added 
directly to the culture medium in ethanol to that delivered bound to bovine serum albumin (BSA). [~H]RA added directly to the culture 
medium was rapidly taken up by HKc during the first 10 min of incubation (25-35% of the applied RA)0 no further accumulation 
occurred between 10 min and 90 min. and then cell-associated radioactivity rapidly decreased toabout 3-5% of the applied ose by 12 h. 
In contrast, when [ 3H]RA was delivered to HKc bound to BSA, total cell-associated radioactivity reached about 2.5% of the applied ose 
by 5 rain, increased to 3-5c~ of the applied radioactivity by I h. and no further accumulation or loss occurred over the next 23 h. The 
uptake by HKc of [-~H]RA delivered bound to BSA or added directly to the culture medium was not influenced by pre-treatment of the 
cells for 72 h with unlabeled RA or by excess unlabeled RA added at the time of uptake. Analysis of the cells and media by 
high-performance liquid chromatography for RA metabolites found that [3H]RA added directly to the medium is ri:pidly converted by 
HKc to polar compounds that are subsequently excreted back into the medium. Also, RA added irectly to the medium was susceptible to 
degradation i the absence of cells. In marked contrast, i3H]RA added to the media bound to BSA was much less susceptible to 
degradation i the absence of cells, and few [3H]RA metabolites were found in the media even after exposure to HKc for 24 h. The 
binding of RA to aPbumin clearly protects RA from conversion to polar metabolites, and also provides for a controlled elivery of RA 
from the aqueous extracellular environment to the cell surface. 
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1. Introduct ion 
AII-trans-retinoic acid (RA) has profound effects on a 
variety of cellular processes including proliferation and 
differentiation [l]. The mechanism by which RA is able to 
elicit cellular responses ultimately resides in its ability to 
regulate gene expression. RA interacts with nuclear etinoid 
receptors  that be long  to the super fami ly  of  
steroid/thyroid/vitamin D receptors. These receptors 
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function as ligand-dependent transcription factors that reg- 
ulate gene expression through an interaction with specific 
hormone response lements (HREs), found in the promoter 
region of target genes. Two major" classes of  nuclear 
retinoid receptors have been identified. RA receptors 
(RARs) and retinoid X receptors (RXRs). While 9-c is -RA 
is the preferred ligand for the RXRs, al l -trans-RA and 
9-cis-RA are equipotent in activating the RARs [2]. RAR 
and RXR response elements have been identified in the 
promoter region of a variety of  target genes, including the 
RARs and RXRs themselves, cellular retinoid binding 
proteins, several enzymes, and extracellular matrix pro- 
teins (for reviews on the retinoid receptors see Refs. 
[2-411. 
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It is generally believed that most cellular RA is made in 
situ via the enzymatic oxidation of retinol, with retinal as 
an intermediate [5-9]. Retinol-binding protein (RBP). the 
specific plasma transport protein for vitamin A, is thought 
to be responsible for delivering ;etinol to most cells [10.1 I]. 
Although the exact mechanism of delivery of retinol from 
RBP to retinoid requiring target cells remains controver- 
sial. substantial evidence i~ accumulating that retinol, in 
equilibrium with RBP, diffuses rapidly through the aque- 
ous phase and accumulates in membranes [12-16]. In 
some specialized cells, such as retinal pigmented epithelial 
cells, uptake of ~etinol from RBP may be facilitated by cell 
surface RBP receptors [ 17-19]. 
While retinol bound to RBP is the major retinoid found 
in the circulation, all-trans-RA is also present in the 
plasma, bound to senlm albumin [20]. The plasma level of 
RA is very low, 4-14 riM. or about 150- to 500-fold lower 
than plasma retinol levels [21-24]. The origin and the 
precise function of circulating RA is not known. However, 
RA bound to serum albumin may represent a source of 
preformed RA available for target cells. Little is currently 
known concerning the uptake of RA by target issues and 
what physiologic role plasma-derived RA may have in 
satisfying cellular needs for RA. In this study, we used 
human foreskin keratinocytes (HKc), cultured in serum-free 
medium, to investigate the uptake and metabolism of 
[3H]RA delivered to HKc either by adding the RA directly 
to the culture medium in ethanol or bound to bovine serum 
albumin (BSA). 
2. Materials and methods 
2.1. Materials 
[11,12(n)-3H] all-trans-RA, 49.3 Ci/mmol, was from 
New England Nuclear (Boston, MA). The purity of the 
[3H]RA preparations used in these experiments, as moni- 
tored by high-performance liquid chromatography (HPLC), 
was 95%. Retinyl acetate, all-trans-retinol. 13-cis-RA, and 
all-trans-RA were from Sigma Chemical Company (St. 
Louis, MO). Pentex bovine albumin fraction V was from 
Miles Laboratories and was not delipidated prior to use. 
Solvents and other chemicals were from Fisher Scientific 
(Norcross, GA) or Baxter Scientific Products (Charlotte, 
NC). MCDBI53-LB liquid medium was prepared from 
MCDB 15 I-LB powder, purchased as a special formulation 
from Gibco Laboratories (Grand Island, NY). Epidermal 
growth factor and insulin were from Upstate Biotech- 
nology (Lake Placid, NY) and bovine pituitary extract was 
from Hammond Cell Technology (Alameda, CA). The 
Ultrasphere ODS-2 HPLC column (5 /zm particle size, 25 
cm X 4.6 mm I.D.) was from Beckman (Fullerton, CA) 
and the Bio-Gel P6 resin was from Bio-Rad (Richmond, 
CA). 
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2.2. Cell culture and cells 
Human foreskin keratinocytes (HKc) were isolated from 
newborn foreskins as described previously and maintained 
in serum-free MCDBI53-LB medium supplemented with 
hydroconisone (0.2 /zM), insulin (5 /,tg/ml). transferrin 
(10 /zg/ml). triiodothyronine (10 nM). CaCI, (0.1 mM). 
epidermal L:rowth factor (5 ng/ml) and bovine pituitary 
extract (35-50 ~g protein/ml) with media changes every 
48 h [25-27]. The fully supplemented MCDBI53-LB 
medium will be referred to as complete medium (CM). 
2.3. Preparation ~f [ 3H]retinoic acid-BSA complex 
Dulb:cco's phosphate-buffered saline (PBS). BSA (20 
rag), and [3H]RA (5-10 pCi) were mixed together in a 
microfuge tube to a final volume of 0.5 ml. The sample 
was then gently mixed and allowed to incubate at 4°C for 
I h, protected from light, under an atmosphere of nitrogen. 
Most. greater than 95%. of the [3H]RA bound to the BSA. 
However, any free [3H]RA or [3H]RA degradation prod- 
ucts that did not bind to BSA were removed from the 
[:H]RA-BSA complex by gel filtration on a column (1.5 × 
4.0 cm) of Bio-Gel P6. The column was elated with PBS 
at a flow rate of 0.25 ml/min. Fractions of 0.5 ml were 
collected, monitored for radioactivity, and fractions con- 
taining [3H]RA-BSA complex were pooled. 
2.4. Uptake by human fi~reskin keratinoQ'tes of  [ 3H]retb 
noic aeM added directly to the culture medium or bound to 
bocine serum albumin 
The procedures used for monitoring [~H]RA uptake by 
HKc were adapted from methods we have previously used 
to investigate [~H]retinol uptake [14,15]. HKc were plated 
at a density of 55000 cells/35-mm tissue culture dish in 
CM. Upon confluence, the medium wa~ .emovcd and 
replaced with I ml of CM containing the indicated amounts 
of eitber [3H]RA (added directly to the culture medium in 
ethanol, final ethanol ceacentration of less than 0.1%) or 
[3H]RA-BSA complex (added to the medium in PBS). In 
samples containing [-~H]RA-BSA complex, BSA was added 
to the CM (final BSA concentration of 20 mg/ml) prior to 
the addition of the [3H]RA-BSA complex. The cells were 
incubated for the times indicated at 37°C. placed on ice. 
and the medium removed. The cells were then washed 
twice with 2 ml of ice-cold PBS containing I mg/ml 
BSA. followed by two additional washes with 2 ml of 
ice-cold PBS. PBS (I.5 ml) was then added to each dish 
and the cells were lysed by freezing and thawing. Cell-as- 
sociated radioactivity was measured in 0.9 ml of the cell 
lysate. 
2.5. Metabolism by human fi~reskin keratinocytes of  
[ 3H]retinoic acid added directly to the culture medium or 
bound to bot'ine serum albumin 
HKc were plated at a density of 100000 cells/35-mm 
tissue culture dish in CM. Upon confluence, the medium 
I04 
was removed, the cells placed on ice. and washed twice 
with 2 ml of ice-cold unsupplemented serum-free 
MCDBI53-LB medium (basal medium). CM (I ml )con-  
tained either [3H]RA added directly to the medium or 
[3H]RA-BSA complex was added and the cells were incu- 
bated for the indicated times at 37°C. In samples contain- 
ing [3H]RA-BSA complex. BSA (final BSA concentration 
of 20 mg/ml )  was added to the CM prior to the addition 
of the [3H]RA-BSA complex. Following the indicated 
incubation periods the dishes were placed on ice and the 
media was removed and analyzed by HPLC as described 
below. The cells were then washed with 2 ml of ice-cold 
PBS containing I mg/ml  BSA followed by two additional 
washes with 2 ml of ice-cold PBS. The cells were then 
scraped into PBS (1 ml) and transferred to a polypropylene 
microfuge tube. The dishes were washed with an addi- 
tional 0.5 ml of ice-cold PBS and the wash was added to 
the microfuge tube. An atmosphere of  nitrogen was added 
and the cells were collected by centrifugation for 5 min in 
a microfuge. The PBS was aspirated and the cell-associ- 
ated radioactivity was extracted using a modification of the 
procedure described by Gubler and Sherman [28]. Briefly. 
40 /11 of unlabeled retinoid internal standards (13-cis-RA. 
all-trans-RA, all-trans-retinol, and retinyl acetate, 100 ng 
each) dissolved in methanol, 350 /zl of  aceto- 
nitri le/water-saturated butanol/ethylacetate (1:1:1. v /v ) ,  
and 300 /zl of a saturated potassium phosphate dibasic 
solution (1 g / l )  were added to each microfuge tube con- 
taining cell pellets. An atmosphere of nitrogen was then 
added, the cells were extracted for about 30 s with vigor- 
ous mixing, and the aqueous and organic phases were 
separated by centrifugation for 5 min in a microfuge. The 
upper organic layer was transferred to a new microfuge 
tube, an atmosphere of nitrogc: was added, and the sam- 
ples were stored at -200(2, protected from light, until 
analyzed by HPLC as described below. 
Aliquots (100 btl) of the tissue culture media containing 
[3H]RA and labeled metabolites were extracted as de- 
scribed above, except centrifugation for 10 min was re- 
quired to allow denatured protein from the media to form a 
uniform layer between the upper organic phase and the 
lower aqueous phase. 
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2.6. HPLC attalysis t~f [ ~ Hlretinoic acM nletabolites.fi,med 
by human .fi~reskin keratim~c3"tes 
Samples were removed from the - 20°C freezer and the 
organic phase was evaporated to dryness under a stream of 
nitrogen. The residue was then redissolved in methanol (50 
#1). Total cell-associated radioactivity was determined in 
an aliquot (10 /.tl) of the sample and the remainder was 
analyzed by HPLC. 
The separation of RA metabolites was performed using 
an Altex programmable liquid chromatography system 
equipped with an Hitachi variable wavelength spectro- 
photometer set at 325 nm to detect unlabeled retinoid 
internal standards. A Beckman Ultrasphere ODS-2 reverse 
phase column was used for the analysis. The sample (40 
#1) was injected onto the column which was eluted at a 
flow rate of 0,7 ml /min  with a linear gradient from 
methano l /0 .01  M sod ium acetate (50 :50)  to 
methanol/0.Ol M sodium acetate (98:2) over 50 min. 
Elution with methanol/0.01 M sodium acetate (98:2) was 
then continued for an additional 10 min. Fractions were 
collected at 1-min intervals and monitored for radioactiv- 
ity. Retention times for unlabeled internal retinoid stan- 
dards were typically 34, 36, 51, and 56 rain for 13-cis-RA. 
all-trans-RA, retinol, and retinyl acetate, respectively. ?o- 
lar metabolites of RA would be expected to elute prior to 
RA in this HPLC system. 
3. Results 
3.1. Uptake by humah foreskin keratinocytes of [3H]reti- 
noic acid added directly to the culture medium or bound to 
bovine serum albumin 
Initial studies examined the influence of various con- 
centrations of BSA in the culture media on the uptake of 
[3H]RA by HKc. HKc were incubated at 37°C for various 
times (30 rain to 24 h) in CM containing [~H]RA and 
increasing concentrations of BSA. Total cell-associated 
radioactivity was then determined. As shown in Table 1, 
total cell-associated radioactivity generally decreased at 
Table I f 
Effect o increasing bovine serum albumin concentration the uptake of l~H]retinoic a id a 
Percent of applied [3H]retinoic a id 
Time (h) BSA (mg/ml) h 
0 I 5 I 0 20 40 
0.5 14.85 4- 0.34 c 10.11 + 0.48 4.61 4- 0.21 2.87 + 0.13 1.72 4- 0.04 1.02 + 0.04 
3.0 6.41 + 0.68 8.64 + 0.09 4.48 + 0.27 2.90 + 0.21 2.13 4- 0.11 1.38 4- 0.09 
12.O 3.18 ± 0.32 3.19 + 0.30 3.72 + 0.15 3.18 -t- 0.37 2.53 + 0.21 1.56 + 0.02 
24.0 3.35 ± O. 13 2.93 ± O. 14 3.82 ± O. 19 3.10 ± 0.10 2.94 ± 0.02 1.75 ± 0.21 
HKc were incubated at37°C for various times with CM ( I ml) containing the indicated concentrations of BSA and [~H]RA (395 000 dpms, 3.6 nM). The 
ceils were then washed and total cell-associated radioactivity was determined. 
h Concemration f BSA in uptake media. 
Data are the mean 4- standard deviation of triplicate determination. 
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early times (0.5 :rod 3.0 h) as the concentration of BSA in 
the media increased. However. by 24 h the total cell-asso- 
ciated radioactivity was about 2-4c/~ of the applied ra- 
dioactivity independent of the BSA concentration i the 
uptake media (Table 1). BSA concentrations at or above 5 
m/.,,/ml resulted in a rather constant level of total cell-asso- 
ciated radioactivity over the entire 24-h uptake period 
(Table 1 ). 
A time course study of the uptake by HKc of [~H]RA 
added directly to the medium in ethanol or as a complex 
with BSA (20 mg/ml )  is shown in Fig. I. When added 
directly to the culture medium, about 35c/; of the applied 
[3H]RA rapidly became cell-associated during the initial 
10 min of incubation (Fig. IA). Total cell-associated ra- 
dioactivity remained relatively constant between 10 and 90 
min and then started to rapidly decrease. After 12 h of 
incubation only 4qt of the applied dose ol [ 'H]RA re- 
mained cell-associated and no further change in cell-asso- 
ciated radioactivity was obset',cd between 12 and 24 h 
(Fig. IC). When [3H]RA was delivered bound to BSA, 
about 2.5% of the applied [3H]RA became rapidly cell-as- 
sociated during the initial 5 rain of incubation (Fig. 1B). 
Total cell-associated radioactivity peaked at 60 min of 
incubation, reaching about 55~ of the applied radioactivity, 
and remained relatively constant between I and 24 h (Fig. 
ID). Thus, when [3H]RA was delivered via BSA, 4 -5% of 
the applied dose became cell-associated in I h and cellular 
levels of [3H]RA then remained constant over a 24-h 
period. In contrast, when the [~H]RA was added directly to 
the culture media, about 25-35% of the applied dose 
became cell-associated it, I h. However, cellular levels of 
radioactivity then declined so that by 12 h cell-associated 
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radioacti', ity ',',as about he same whether or not the [ 3 H]RA 
was added directly to the media or complexed with BSA 
(c()mpare Fig. IC,D). 
Pre~ ious in ~ itro studies using F9 embr3.'onal carcinoma 
cells [2t)] and in vivo studies in rats [30.31] have shown 
that RA is capable of inducing its own metabolism. The 
HKc used in the present studies are routinely cultured in a 
vitamin A-deficient state, in serum-free media, in the 
absence of added RA or retinol. To determine whether 
pretreatment of HKc with RA influenced subsequent 
[~H]RA uptake, we exposed HKc for 72 h with various 
concentrations of unlabeled RA (0.1 nM to 1.0 #M)  added 
directly to the media. The uptake by HKc of [~H]RA 
added directly to the media or as a complex with BSA was 
then mea:;ured after a 30-min incubatioo. The amount of 
[ 'H]RA taken up by HKc whether delivered free or bound 
to BSA ',,,as not influenced by RA pretreatment of the cells 
(data not shown). In addition, the uptake by HKc of free 
[~H]RA or [~H]RA bound to BSA was not significantly 
affected by unlabeled RA (0.1 nM to 10 /.aM) added 
directly to the media during the uptake period (data not 
shown). These results suggest hat the uptake of RA by 
HKc is a non-specif ic/non-saturable process, likely driven 
by the avidity of the rather lipophilic RA molecule for the 
hydrophobic environment of the plasma membrane. 
3.2. Metabolixm by human fi~reskin keratinocytes t~[" 
[ ¢H]reti,oic" ac'id added directly u~ the culture medium or 
bottml to hot'ira' serum albumin 
HKc were incubated at 37°C in CM containing [~H]RA 
added to the culture medium either directly, or complexed 
i~ 45~ A . . . . . . . . . . .  
~ 3, 
-o~1 
~_ , i . . . i . i . i . i 
o lO  2o  3o  4o  ,~o ao  
Time (rain) 
" i  - : : : : : ; : : : : : : 
Time (h) 
Fig. I. Time course of[ ~H]retinoic a id uptake by haman keratinocytes. HKc '.,.ere incubated at37~C for the indicated times with [ ~H]RA (425000 dpms. 
3.9 nM) in I ml of CM containing no BSA (A.C) or [ ~H]RA-BSA complex I425 (X)O dpm~. 3.9 nM [ IH]RA) in CM containing 20 mg/ml BSA (B.D). The 
cells were then washed and total cell-associated radioactivity determined. Error bar,; indicate ,tandard eviation of triplicate determinations. Where rror 
bars are not visible, they were smaller than the diameter of the ,;ymbol. 
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with BSA. At various times (0. 0.5.6.O, and 24 h) the cells 
and the media were analyzed for [3H]RA and [~H]RA 
melaholites by HPLC. HPLC chromatograms of extracts 
from cells incubated in medium containing [3H]RA added 
directly to the culture medium are shown in Fig. 2. The 
initial uptake of [3H]RA was so rapid that cell-associated 
[3H]RA was detectable ven when the media was added 
and removed from the cells as rapidly as possible (less 
than 20 s) (Fig. 2A). At 0.5 h. 96% of the cell-associated 
radioactivity co-eluted with standard all-tra~s-RA (Fig. 
2B). By 6 h. cell-associated radioactivity that eluted as 
all-trans-RA decreased to 78f~ of the total (Fig. 2C). 
Surprisingly. the remainder of the radioactivity eluted with 
a retention time greater than RA. indicative of metabolites 
that were less polar than RA (Fig. 2C). By 24 h. only 29% 
of the cell-associated radioactivity co-chromatographed 
with st~naard all-trans-RA (Fig. 2D). The majority of the 
cell-associated radioactivity (about 70%) now eluted with 
a retention time greater than standard all-trans-RA (Fig. 
2D). 
HPLC chromatograms of extracts flom HKc incubated 
for various times in the presence of [3H]RA-BSA complex 
are shown in Fig. 3. Again a very small amount of 
radioactivity that co-eluted with standard all-trans-RA was 
detected in the length of time it took to immediately add 
and remove the uptake media from the cells (Fig. 3A). At 
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Fig. 2. HPLC profiles of extracts IYom human keratinoc_vtes incubated 
with ['H]retinoic acid added irectly to the culture medium. HKc were 
incubated at37¢C lbr O h (A). U.5 h (B). 6 h (C). or 24 h (D) in CM 
containing [*H]RA (378(XX) dpms. 3.5 nM). The mediu.a was then 
removed and the cell~ were washed and extracted. An aliquot (40 #1) of 
the extract was then chromatographed on a Beckman Uhrasphere aDS-2 
reverse phase HPLC column as described in Section 2. S~andard all-trtms- 
RA eluted at fraction 37. Cell-associated radioactivity at 0. 0.5.6. and 24 
h v, as 0.4. 25.8, 9.6. and 4.2ch, respectively, of the total radioactivity 
applied to the cells. 
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Fig. 3. HPLC profiles of extracts from human keratinocytes incubated 
with [~H]retinoic acid bound to bovine serum albumin, ltKc were 
incubated at 37°C for 0 h (A). 0.5 h (B). 6 h (C). or 24 h (D) in CM 
containing [3H]RA-BSA complex (378000 dpms. 3.5 nM [3H]RA. and 
20 mg/ml BSA). The medium was then removed and the cells were 
washed and extracted. An aliquot (40 /zl) of the extract was then 
ehromatographed on a Beckman Ultrasphere aDS-2 reverse phase HPLC 
column as described in Section 2. Standard all-trans-RA eluted at fraction 
37. Cell-associated radioactivity at O, 0.5, 6, and 24 h was 0.2. 2.2, 3.5, 
and 3.0%. respectively, of the total radioactivity applied to the cells. 
0.5 h, 91% of the total cell-associated radioactivity eluted 
with the same retention time as standard all-trans-RA (Fig. 
3B). Total cell-associated radioactivity eluting as [3H]RA 
decreased horn 91% to 81% from 0.5 h to 24 h (Fig. 
3B-D). The majority of the remaining cell-associated ra- 
dioactivity was again found to elute later than standard 
all-trans-RA (Fig. 3C,D), indicative of metabolites less 
polar than RA. The results presented in Fig. 3 show that 
when HKc are incubated with [3H]RA-BSA complex, most 
of the cell-associated radioactivity remained as [3H]RA 
over the entire 24-h uptake period. In contrast, when HKc 
are incubated with free [3H]RA, a greater percentage of the 
cell-associated radioactivity was present as [3H]RA 
metabolites. Especially at the end of the 24-h incubation 
period (Fig. 2D). 
HPLC analysis of media which was incubated with 
HKc for up to 24 h showed that considerable metabolism 
of the [3H]RA occurred over the course of the experiment 
when [3 H]RA was added directly to the culture media (Fig. 
4) but not when the [3H]RA was added bound to BSA 
(Fig. 5). Initially, greater than 98% of the media-associated 
radioactivity co-migrated with standard all-trans-RA, inde- 
pendent of whether or not it was bound to BSA (Fig. 4A 
and Fig. 5A). However, when [3H]RA was added directly 
to the media, radioactivity which co-migrated with stan- 
dard all-trans-RA decreased rapidly over the 24-h period 
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at 37°C for 0 h (A). 0.5 h (B). 6 h (C). or 24 h ([.)) in CM containing 
[~H]RA added directly to the media (378000 dpm~.. 3.5 nM). The 
medium was then removed and an aliquot (100 Atl) extracted and 
chromatographed ona Beckman Ultrasphere ODS-2 re~cr~e phase HPLC 
column as described in Section 2. Standard all-trt~ns-RA eluted at tYal.tlon 
36. 
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Fig. 6. HPLC profiles of extracts of medium containing frec [~H]a'etinoic 
acid that ww. incubated for various times in the absence of cells. Medium 
containing free [ ~ H]RA (37g 000 dpms. 3.5 nM) was incubated at 37°C in 
culture dishes without cells for 0 h IA). 0.5 h (B). 6 h (C) or 24 h (D). 
The medium ~a~, then removed and an aliquot (100 btl) was extracted 
and chromatographcd on a Beckman Uhrasphere ODS-2 reverse phase 
HPLC column a~ described in Section 2. Standard all-tranx-RA eluted at 
fraction 36 
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Fig. 5. HPLC profiles of media containing ['H]retinoic acid bound to 
bovine serum albumin after exposure to human keratinocytes for various 
times. HKc were incubated at 37°C lot 0 h (At, 0.5 h (B), 6 h (C). or 24 h 
(D) in CM containing [aH]RA-BSA complex (378000 dpms, 3.5 nM 
[3HjRA, and 20 mg/'lld BSA). The medium war: th,,n removed and an 
aliquot (100 tzl) extracted and chromatographed on a Beckman Ultras- 
phere ODS-2 reverse phase HPLC column us described in Section 2. 
Standard all-trans-RA eluted at fraction 36. 
of the experiment and metabol ites of  [3 H]RA which eluted 
earlier than a l l - t rans -RA increased (Fig. 4). In fact, by 6 h 
only about 10% of the radioactivity in the media co-chro- 
matographed with a l l - t rans -RA (Fig. 4C). In contrast, when 
[~H]RA was added to the media bound to BSA,  at least 
70~- of the radioactivity found in the media co-chromato- 
graphed with standard a l l - t rans -RA after a 24-h exposure 
to HKc (Fig. 5D). 
In control experiments,  media containing [3H]RA was 
incubated at 37°C for various t imes in culture dishes that 
did not contain cells. When [3H]RA was added directly to 
the culture medium, considerable breakdown of  the [3H]RA 
was detected, so that at the end of  the 24-h incubation 
period only about 30% of  the radioactivity still chromato- 
graphed with the retention t ime of  al l - t rans RA (Fig. 6). In 
contrast. [3H]RA was not degraded when it was added to 
the media bound to BSA,  even after 24 h of  incubation all 
the radioactivity still chromatographed with the retention 
time of  standard a l l - t rans -RA (data not shown). 
4. D iscuss ion 
AI I - t rans -RA and 13-cis-RA are normal constituents of  
plasma, present at about 0.5% of  plasma retinol levels 
[21-24.32,33].  While retinol circulates bind to RBP  [10.11]. 
RA is present in plasma bind to serum albumin [20]. The 
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physiologic role of plasma RA. its site of synthesis, as well 
as its sites of utilization and degradation are not known. It 
is not clear whether RA present in the circulation serves as 
an important supply of retinoid for target issues. In fact, 
the availability to cells of RA bound to albumin has not 
been systematically investigated. In this study, we com- 
pared the uptake and metabolism by cultured HKc of 
[~H]RA added directly to serum-free medium to [3H]RA 
delivered in a more physiologic way. bound to albumin. 
HKc were chosen as the target cells for these studies ince 
RA has profound effects on HKc proliferation and differ- 
entiation and HKc are considered an important cellular site 
of RA action in vivo [I.34]. In addition, we reasoned that 
circulating RA may serve as an important source of pre- 
formed RA in HKc, since we ha'~e failed to detect 
metabolism of retinol to RA in HKc cultured in serum-free 
media (Hodam. J.R. and Creek. K.E.. unpublished ata). 
"li~e studies presented in this report show a dramatic 
difference !n the uptake and metabol!sm of [3H]RA by 
HKc when the RA was added directly to the culture media 
versus bound to BSA. 
When HKc were fed [3H]RA added directly to culture 
media in ethanol, the RA was rapidly taken up by the cells. 
with maximal cell-associated radioactivity (25-35% of 
that applied) found after 30-90 rain of exposure. Cell-as- 
sociated radioactivity then declined, so that by 12 h only 
4c~ of the applied radioactivity remained associated with 
the HKc. The loss of radioactivity from the cells coincided 
with the accumulation of metabolites in the me ra more 
polar than RA. HPLC analysis demonstrated that by 6 h 
virtually all the radioactivity present in the media was 
polar RA metabolites with little intact RA remaining. In 
contrast, HPLC analysis of cell extracts found that at all 
times of uptake examined (0.5, 6. and 24 h). cell-associ- 
ated radioactivity was either RA or metabolites less polar 
than RA. Thus, polar metabolites of RA must be rapidly 
released from HKc once formed. Since virtually no RA 
remained in media after 6 h exposure to HKc, all of the 
RA in the media must have been taken up by the HKc 
during this period, rapidly metabolized to more polar 
compounds, and then released from the cells. It is worth 
noting that in control experiments esting the stability of 
RA in aqueous media in the absence of cells, few polar 
products were present at 6 h, although substantial break- 
down of the RA did occur between 6 and 24 h (Fig. 6C,D). 
Thus, most of the polar RA metabolites we found in media 
exposed to cells for 6 h was due to metabolism by HKc. 
followed by rapid secretion of the polar metabolites. 
Our results concerning the uptake and metabolism by 
HKc of free RA correlate well with those published by 
Bhat and Jetten [35], who studied RA uptake (added to 
serum-free media in ethanol) and metabolism by rabbit 
tracheal epithelial cells. [3H]RA was rapidly taken up by 
the tracheal epithelial cells and metabolized to more polar 
compounds which were then secreted back into the medium 
[35]. However, unlike the tracheal cells [35]. we failed to 
detect conversion by HKc of a l l - t rans -RA to 13-cis-RA. 
The rapid uptake of RA. its metabolism to polar com- 
pounds and the secretion of these metabolites into the 
medium have been reported for several cell types cultured 
in serum-containing media, including IOTI ,/2 [36]. embry- 
onal carcinoma cell lines [29.37]. and mouse keratinocytes 
[38]. 
The kinetics of uptake and metabolism of RA by HKc 
was very different when the RA was presented to the cells 
as a complex with albumin. When BSA-bound [~H]RA 
was given to HKc, about 2-5ck of the applied dose was 
rapidly (within 10 min) taken up by the cells and this level 
of cell-associated radioactivity was maintained over the 
entire 24-h uptake period. In marked contrast o when RA 
was added directly to the media, when presented bound to 
BSA. most radioactivity in the media remained as RA, 
even after 24 h of exposure to HKc. Thus. little RA is 
rnetabolized by the cells to polar products when presented 
bound to BSA. Reduced RA metabolism by HKc when fed 
RA as a complex with BSA is likely due to the fact that 
much less of the RA in the media becomes cell-associated 
when delivered protein bound. HPLC analysis of HKe 
extracts after various times of exposure (0.5, 6, and 24 h) 
to RA-BSA complex showed that most of the cell-associ- 
ated radioactivity remained as a l l - t rans -RA,  no polar RA 
metabolites were detected, but a small amount of a less 
polar RA metabolite was evident, especially at 24 h. 
Control incubations found that RA bound to BSA did not 
break down when incubated in media for 24 h in the 
absence of cells. Thus, the formation of an RA-BSA 
complex allows for a controlled c~ ilular uptake of RA 
from the aqueous environment rather than the rapid uptake 
and metabolism of RA which occurs when it is delivered 
to cells free in solution. In addition, the binding of RA to 
albumin clearly protects the RA from degradation in an 
aqueous environment. 
Our results with HKc correlate well with studies com- 
paring RA uptake and metabolism by HL-60 cells in 
serum-containing and serum-free media [39]. HL-60 cells 
incubated for 5 min in serum-free media containing [~ H]RA 
accumulated about 10-fold more radiolabel than those 
incubated in serum-containing media [39]. In addition. 
rapid conversion by HL-60 cells of RA to predominantly 
polar metabolites was observed in serum-tree but not 
serum-containing media [39]. HL-60 cells cultured under 
serum-free conditions were more sensitive to RA-induced 
differentiation than those cultured in serum-containing me- 
dia [39]. However. RA delivered via albumin also stimu- 
lates differentiation of HL-60 cells [39,40]. 
The mechanism by which RA is transferred from BSA 
to HKc likely involves first the release of RA from the 
BSA into the aqueous phase, followed by u rapid incorpo- 
ration into the lipid bilayer of the plasma membrane. The 
results reported here, as well as several recent studies 
support his proposed uptake mechanism. Consistent with 
this model of RA uptake are our findings on the influence 
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of increasing concentrations of BSA on the uptake of 
[~H]RA (Table 11. The decreased RA uptake by HKc as 
the concentration of BSA was increased in the media is 
likely due to increased competition between the albumin 
and the plasma membranes of the cells for free RA. 
Studies by Noy [41] indicate that BSA has three distinct 
binding sites for RA. two of which correlate to known 
binding sites for long-chain fatty acids and a third site that 
is distinct from the fatty acid binding sites. These studies 
also indicated that a predominant fraction of RA in aque- 
ous environments atphysioiogic pH ~ould be ionized [41]. 
The solubility of the anionic form of RA in aqueous media 
is likely sufficient o allow for diffusion from the BSA to 
the HKc. Additional studies by Noy [42] showed that 
incorporation of RA into membranes stabilized the proto- 
hated (uncharged) form of RA. Since RA in membranes at 
physiologic pH would be a neutral compotmd, the RA 
would be expected to traverse membranes in a manner 
similar to retinol [42], which has been shown to rapidly 
and spontaneously cross membranes and transfer between 
phospholipid bilayers by diffusion through an aqueous 
phase [12.43.44]. in addition, it has been demonstrated that 
RA can also rapidly transfer between liposomes and that 
this transfer proceeds through the aqueous phase [45]. Thus 
the proposed mechanism of uptake by cells of RA from 
BSA, release from BSA followed by cellular uptake from 
the aqueous phase, can be considered to be analogous to 
the mechanism which we [14,15.46] and others [12,47] 
have previously proposed for the uptake of retinol from 
RBP. i.e.. retinol release from RBP followed by cellular 
uptake from the aqueous phase. It is also possible that the 
uptake of RA by HKc is modulated by the concentration of
apo-cytosolic RA binding protein (CRABP). Noy and 
Blaner [13] have proposed that the uptake of retinol by 
cells may be controlled by the levels of apo-cellular 
retinol-binding protein (CRBP). Recent studies suggest 
that CRABP sequesters free RA and prevents RA modula- 
tion of gene expression [48] as well as promotes RA 
metabolism [49,50]. Neonatal foreskin keratinocytes have 
been shown to possess high levels of CRABP [5 I]. espe- 
cially CRABP type il [52]. Furthermore. CRABPII levels 
are increased in skin by RA treatment [52.53]. Thus. 
CRABP type II levels in HKc may play a role in RA 
uptake, metabolism, and its availability to the nuclear 
RARs. 
A comparison of [3H]RA and [3H]retinol uptake by 
HKc. delivered free in solution and bound to their physio- 
logic binding proteins, albumin and RBP respectively is 
instructive. The initial kinetics of uptake of free retinol 
[15A6] and RA by HKc are almost indistinguishable. In 
both cases 25-35% of the applied radioactivity becomes 
cell-associated over the first 30-60 min of uptake. Follow- 
ing uptake, retinol is rapidly esterified by HKc and after 
the first hour of uptake cell-associated radioactivity re- 
mains relatively constant over the next 24 h [46]. In 
contrast, most cell-associated RA is rapidly metabolized to 
more polar compounds that are secreted from the cell. so 
that after 24 h only about 4~ of the applied [3H]RA 
remains cell-associated. The time course of uptake of RA 
and retinol from their respective binding proteins is also 
very different. In the case of RA uptake from BSA. 
cellular retinoid levels remain at about 3-5% of the ap- 
plied radioactivity over a 24-h period, essentially un- 
changed after the initial hour of RA exposure (Fig. I). In 
contrast, we have previously shown that retinoi uptake by 
HKc from RBP is linear with time for at least 3 days 
[15.46]. Clearly. in the case of retinol the metabolism to 
retinyl esters ,erves as a very efficient mechanism to "trap" 
the retinoid within the cell. likely to then be used to meet 
future cellular retinoid demands. RA metabolism to polar 
compounds, on the other hand. apparently serves to inacti- 
vate RA and cause its rapid secretion from the cell. 
However. one of the most interesting aspects of RA 
metab,~lism identified in these studies was the presence of 
a sign !-cant metabolite(s) of RA that behaved less polar 
than KA b', HPLC analysis. When delivered as free 
[ 3 H]RA. this rnctabolite constituted 60-70% of the cell-as- 
sociated radioactivity at 24 h (Fig. 2D). This non-polar 
metabolite was retained in the cells and was not present in 
media extracts. Met,~bolites of RA which are less polar 
than RA have also been observed by others [35,54.55]. 
Studies by Miller and DeLuca [56] found that rat liver 
microsomes metabolized RA to a less polar compound that 
was identified as ethyl ret;noate. The production of ethyl 
retinoate was greatly enhar:ced by coenzyme A (CoA), 
suggesting the tbrmation of a RA-CoA intermediate. 
retinoyl CoA [56]. Other studies have suggested that 
retinoyl CoA functions as an intermediate in the retinoyla- 
tion of proteins [57], including possibly a nuclear RA 
receptor [58]. It is also tempting to consider whether this 
non-polar RA metabolite found in HKc may represent a
storage form of RA that could be mobilized in response ~o 
cellular RA demands. Studies are currently under way to 
purify, characterize, and identify this metabolite. 
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